ABSTRACT Delphacodes kuscheli (Hemiptera: Delphacidae) is the vector of maize rough dwarf virus that affects maize production in the central region of Argentina. The spatial abundance pattern and body morphology of the insect vector were studied during the spring and summer of 1999 and 2000 in endemic and nonendemic areas affected by this virus. An estimation of insect density was obtained from high sticky traps (6 m high) placed at nine sampling sites along a 500-km transect that crossed the main maize production area in Argentina. Host patches were detected, and their areas were measured using Landsat 5 Thematic Mapper (TM) imagery from the region to be studied. Population phenology of the individuals collected in the sampling sites was compared using multivariate analysis of morphometric variables. The land use estimated from Landsat 5 TM images varied according to the different sites and years. Areas with similar proportion of winter pastures, winter cereals, and perennial pastures were grouped together by complete linkage cluster analysis. The mean abundance of the vector varied and did not show a consistent pattern. The highest abundances were not found in the traps placed in the endemic region. Multiple linear regression of the proportion of area (arcsine transformed) covered by annual pastures, perennial pastures, and winter crops versus mean abundance of D. kuscheli (expressed as insect/trap/d) were signiÞcant for both years (R 2 ϭ 0.91 for 1999 and R 2 ϭ 0.82 for 2000). The function that related insect abundance and host area was different each year; this suggested that other factors were affecting the "insect productivity" of a certain host area. There were clear morphometric differences among the individuals collected in the different sampling sites, although the sites were not so far away from one another (50 km). When comparing the phenotypes of the insects collected in different sites, 55 (1999) and 51% (2000) of the cases were correctly assigned to the sites from which the individuals were collected. These percentages increased to 74 and 62% if the individuals were grouped according to the cluster of land use obtained from Landsat 5 TM images. In all cases, WilkÕs lambdas were highly signiÞcant. The role of the distribution, abundance, and quality of the host plants is analyzed in this study.
Argentina produces 16 million tons of maize per year, which makes this crop one of the most important in the central area of the country (SECyT 1997) . The Rṍo Cuarto disease (RCD) is the main viral disease affecting maize in Argentina. It was reported for the Þrst time in the southern area of Có rdoba Province in 1976 and, at the beginning, it was thought to be a local strain of the maize rough dwarf virus (MRDVÐRC) (March et al. 1995) . Since then, the disease has gradually spread with a typical incidence of 1.5% per year (Lenardó n et al. 1998) . During the 1996 Ð1997 season the losses of maize production caused by this disease brought about the highest economic cost (USD 120,000,000).
Among the species of Delphacidae (Hemiptera) present in Argentina, Delphacodes kuscheli is the most important because of its ability to transmit RCD (March et al. 1995) . This species does not reproduce on maize, but it eventually transmits the virus when feeding on maize plants. If the infection occurs during the Þrst 3 wk after plant emergence, the disease can be severe and, in some cases, lead to plant death. After the most susceptible period, the infection may take place, but the effect on grain production is relatively minor (Lenardó n 1987) .
Delphacodes kuscheli breeds on several wild grasses and winter cereals, mainly on oats crops (Avena sativa L.), rye (Secale cereale L.), and wheat (Triticum aestivum L.) (Tesó n et al. 1986 , Remes , Virla and Remes Lenicov 1991 , Ornaghi et al. 1993 . Its populations are constituted by individuals with two wing forms: longwinged macropters, which can ßy, and short-winged individuals, which are ßightless (Ornaghi et al. 1993 ).
The population shows a clear seasonal pattern; it increases in October, reaches its peak in December, and disappears in March or April (Grilli and Gorla 1997) . In the central region of Có rdoba province the dynamics of dispersive populations of D. kuscheli is related to the presence and condition of host vegetation Gorla 1997, 1998) , and it is strongly affected by the agroecosystem management of the areas in which these populations are developed (Grilli and Gorla 2002) .
One way of quantifying the agroecosystem management is by estimating the land useÐland cover for a speciÞc area. Land use describes how a parcel of land is used, whereas land cover describes which materials are present on the surface. Remote sensing methods are becoming increasingly important for mapping land use and land cover. These methods have the advantage of allowing a quick and repetitive survey in large areas with the degree of detail required, eliminating the problems and costs of ground surveys (Sabins 1997) . To estimate the land useÐland cover from a remote sensing source, image classiÞcation is used. It essentially involves the transformation of remotely sensed measures of spectral radiance into information about the composition of the land surface (Alexander and Millington 2000) .
In the case of the Auchenorrhyncha, there is generally a very strict relationship between the host plant and the insect. In most groups, a tendency toward host plant speciÞcity has been proved (Claridge and Reynolds 1972 , Claridge and Wilson 1981 , Booij 1982 , den Bieman 1987 , Gillham 1991 . This speciÞcity has an effect not only on insect dynamics but also on the populations associated with different host plant species, which may vary in form from distinct and reproductively isolated biological species to subpopulations belonging to a panmictic population (Claridge and Gillham 1992) . One way to compare these populations is by the use of morphometry (Dujardin et al. 1999) .
Morphometry is used in descriptive studies related to changes among populations and organisms and any other variations in shape and size (Dujardin et al. 1999) . In addition, it can be used to test hypotheses related to the differentiation of local populations. This can be done by the use of morphometers as markers of populations (Haas and Tolley 1998, Dujardin 2000) and by classifying these organisms according to their size and shape using multivariate statistics (Pimentel 1979 , Reyment et al. 1984 , Bookstein et al. 1985 . Finally, morphometry can also be used to compare populations that develop on different host plants (Claridge and Gillham 1992) .
Previous studies on D. kuscheli showed that its abundance is affected by the agroecosystem management.
In this study, we tested the hypothesis that the local use of the land affects the abundance and phenotype of dispersive populations of D. kuscheli.
Materials and Methods
Study Area. The study was carried out in the main maize production area in Argentina. This area is located in the north of the Pampa and includes the south of Có rdoba and Santa Fe provinces and the north of Buenos Aires province. The area is mainly a ßat agricultural land with an almost identical farming activity. Over the last 30 yr, RCD has shown the highest incidence rates within the Rṍo Cuarto department (endemic region) (Fig. 1) .
In general, the most abundant Delphacidae species is D. kuscheli (Grilli and Gorla 1998) , and it is also the most abundant one in the endemic region. In other areas, the abundance and disease incidence vary. It is not clear which are the mechanisms that affect abundance at a regional level of the vector.
Delphacodes kuscheli Data. Insects were collected along a ϳ500-km transect from Rṍo Cuarto (33Њ04Ј S; 64Њ19Ј W), in the central area of Có rdoba province, to Pergamino (33Њ57Ј S; 60Њ33Ј W), in the northeast of Buenos Aires province (Fig. 1) . From northwest to southeast, the transect starts in a RCD endemic area and ends in a nonendemic region, and it includes Rṍo Cuarto (RC), Villa Reducció n (VR), La Carlota (LC), Canals (CAN), and Cavanagh (CAV) sampling sites in Có rdoba, Venado Tuerto (VT) and Santa Emilia (SE) sampling sites in Santa Fe, and Coló n (COL) and Pergamino (PER) sampling sites in Buenos Aires (Fig.  1) . Although agricultural production is almost the same in both areas, the northwest area has more cattle breeding activity than the southeast area because of the lack of winter rains. Because the transect crosses three provinces, the spatial distribution of land property may vary as each province has its own land ofÞce. , perennial pastures; Ⅺ, stubble and soil. , perennial pastures; Ⅺ, stubble and soil.
Insect sampling was performed using sticky traps described in Grilli and Gorla (1997) every 7 d during the spring and summer seasons of 1999 and 2000. Traps were placed at nine equally spaced sampling sites along the transect (Fig. 1) . Sticky traps were made of metal cylinders supporting a plastic Þlm coated with grease as adhesive and were placed at 6 m above ground level. The plastic Þlm was replaced by a clean one on each sampling date. Sampling dates were the same for all sites, and all the traps were replaced simultaneously. Films were transported to the laboratory, where D. kuscheli was identiÞed according to Remes Lenicov and VirlaÕs identiÞcation key (1999) . A set of three traps was set close to each other on each sampling site (there was a maximum of 100-m separation between the most distant traps of the set), with no special connection between these traps. Insect abundance was expressed as insects per trap per day.
Land Cover and Land Use Estimation. Winter pastures and winter cereals are sown at different times in this area. Winter pastures are sown in February (at the end of summer), whereas winter cereals are sown in June (during winter). Perennial pastures are present throughout the year.
Sixteen Landsat 5 Thematic Mapper (TM) scenes were used to estimate the land cover of the area of study. The TM Imaging System is a cross-track scanner with an oscillating scan mirror and arrays of 16 detectors for each of the visible and reßected IR bands. Data are recorded on both eastbound and westbound sweeps of the mirror, which allows a slower scan rate, longer dwell time, and higher signal-to-noise ratio than with MSS images (MSS was the primary imaging system in the Þrst generation of Landstat) (Sabins 1997) . A mayor advantage of Landsat 5 TM over MSS imaging system is not only its spectral resolution but also its spatial resolution, which is of 79 m in MSS and 30 m in TM; this makes TM images an appropriate tool to detect land use in an agricultural area.
Eight fall (May) scenes of frames 229/83, 228/83, 227/84, and 226/84 were used to assess winter pastures for 1999 and 2000, and eight spring (October) scenes of the same frames were used to assess winter cereals for these years. The images of both periods (the end of summer and the whole winter) were used to assess perennial pastures and stubble. A supervised classiÞ-cation (minimum-distance-to-means classiÞer) was applied to make the assessment of the land cover (Sabins 1997 , Eastman 2003 . Four classes were considered in the analysis: winter pasture (main host), winter cereals (secondary host), perennial pasture, and stubble and soil (Figs. 2 and 3). The classiÞcation was performed using six of the seven bands available from the Landsat 5 TM (bands 1Ð5 and 7) mentioned previously. Finally, an accuracy assessment was made by applying an error matrix that compares the classes obtained from the images to the real ground classes found in the Þeld and tabulates the overall proportional error (Congalton and Green 1999) . Once the land cover was estimated, a 5,000-m circular area that surrounded each insect sampling site was extracted, and the proportion of the surface of each class was estimated.
To Þnd land use similarities between sites, a complete linkage cluster analysis was applied to the land cover classiÞcation using the proportion of the surface of each class extracted from the 5,000-m areas of each sampling site. The cluster analysis is a direct way of identifying groups in raw data, and it helps to Þnd structure in the data (van Tongeren 1995) (Fig. 4) .
The relationship between land use (Figs. 2 and 3) and D. kuscheli mean abundance in each site (Fig. 5 ) was estimated by a multiple linear regression between the arcsine transformed proportions of winter pastures, winter cereals, and perennial pastures and D. kuscheli abundance expressed as insects per trap per day.
Morphometric Analysis. To compare the phenotype of the populations collected in each sampling site during both years, a morphometric analysis was made on fore wings (length of wing veins) and legs (length of the trochanter, femur, tibia, and Þrst, second and third tarsi). Each of these body parts were carefully separated and mounted on individual slides identiÞed by date and place. Eleven continuous variable characters were measured on the fore wings (A1ÐA11) and six on each of the three pairs of legs (P11Ð P36) (Fig.  6 ) of 108 individuals collected during 1999 and 78 individuals collected during 2000. Measurements were made using a digital video camera (3CCD Sony color video camera) connected to a microscope with image capture and processing software (Qwin Lida, Leica Microsystems, Wetzlar, Germany).
A discriminant function analysis (DFA) was conducted to detect any phenotypic pattern among the samples using the 28t wing and leg measurements taken. DFA was performed arranging the data in two different ways. The Þrst one considered the data collected in all sampling sites separately for each year, and the second one considered the clusters obtained by the cluster analysis as a single group to Þnd out if there was any land use effect on phenotype. WilkЈs lambda was used to establish the statistical signiÞcance of the discriminatory power of the model analysis (StatSoft 2000) .
Results
Land Cover-Land Use Estimation. When the land use pattern was analyzed applying the cluster analysis, three groups of sampling sites were evident each year. During 1999, the Þrst group was constituted by RC, VR, PER, and COL. In this group, the proportion of winter pastures was between 8 and 14%, winter cereals between 8 and 15%, perennial pastures between 23 and 27%, and stubble between 48 and 55%. The second group was formed by LC, CAV, and CAN, and the proportions of each class were very different compared with proportions observed in the Þrst group, in particular the percentages of winter cereals (20 and 24%) and perennial pastures (12 and 21%). The third group, which included VT and SE, was the most different of all, according to the proportions of the different land uses estimated from Landsat images, having higher proportions of winter pastures (12 and 16%), winter cereals (22 and 24%), and perennial pastures (24 and 28%), and lower values of stubble (40 and 34%) (Figs. 2 and 4) .
During 2000, the Þrst group was constituted by RC, VR, PER, and CAN. In this group, the proportion of winter pastures was between 3 and 5%, winter cereals between 11 and 1%, perennial pastures between 31 and 35%, and stubble between 48 and 55%. The second group was formed by VT, SE, COL, and LC, and the proportions of each class were very different compared with proportions observed in the Þrst group of this year. The percentages of winter pastures accounted for 0 and 4%, winter cereals showed proportions between 0 and 18%, perennial pastures had values that ranged from 19 to 27%, and the proportion of stubble was between 59 and 70% of the area. Finally, the third group had only one member and was formed by CAV (Figs. 3 and 4) .
Although the land cover has been classiÞed using the same classes for the whole area of study, land use varied depending on the proportion of each land cover present within the 5,000 km that surrounded the traps.
Delphacodes kuscheli Population. The mean abundance of D. kuscheli (insects/trap/d) varied depending on the site and year, and it did not show a consistent pattern. During the Þrst sampling season (1999), the Santa Emilia sampling site was the site where more insects per trap per day were captured, but in the second season (2000), this pattern changed; and the Cavanagh sampling site was the one with the highest number of insects captured. During the second sampling season the total capture was considerably lower (Fig. 5) .
Delphacodes kuscheli develops in winter pastures (mainly oats) and winter cereals (mainly wheat), which are the main and secondary hosts, respectively. Multiple linear regression of the proportion of the area covered by winter pastures, perennial pastures, and winter crops and the mean abundance of D. kuscheli captured per trap per day in each sampling site for both years were signiÞcant (R 2 ϭ 0.91, P Ͻ 0.05 for 1999 and R 2 ϭ 0.82, P Ͻ 0.05 for 2000). During 1999, only the partial correlation for oats was signiÞcant (r ϭ 0.92, P Ͻ 0.05, n ϭ 9; Table 1 ). In 2000, the partial correlations for oats and wheat were signiÞcant (r ϭ 0.92, r ϭ 0.85, P Ͻ 0.05, n ϭ 9; Table 1 ).
Morphometrics. After multiple comparisons of the wing and leg measurements, it was noticed that some of these differed signiÞcantly among different sites, although the sites were not so far away from one another. A stepwise forward DFA for the 1999 sampling season of all the wing and legs measurements included A1, A2, A6, A9, A11, P11, P12, P13, P21, P23, P26, P32, P33, and P36 variables in this model of analysis, with each sampling site as a grouping variable. The same analysis for the 2000 sampling season included A1, A4, A5, P12, P13, P15, P16, P23, P24, P26, P32, P33, P34, and P36 (Fig. 6) . Considering the data collected in all sampling sites, the model classiÞed correctly 55 and 51% of the cases for 1999 and 2000, respectively, with 59 and 60% of the accumulated variation explained by the Þrst two discriminant functions. In both years, the WilkЈs lambda was highly signiÞcant (P Ͻ 0.0001). The femur and the tibia of the prothoracic and mesothoracic leg (P12 and P23) and a partial length of the wing (A9) were the variables with the highest weight in the Þrst discriminant function.
When the DFA was performed using the groups obtained by land use cluster analysis as grouping variable, the model correctly classiÞed 74 and 63% of the cases for 1999 and 2000, respectively, with 67 and 68% of the accumulated variation explained by the Þrst two discriminant functions (Fig. 7) . In both years, the WilkÕs lambda was highly signiÞcant (P Ͻ 0.0001).
Discussion
The area studied was selected to compare the populations of D. kuscheli in endemic and in nonendemic regions of the RCD. The highest abundance was not found in the endemic region, the Rṍo Cuarto department, as was expected (Fig. 1) . Abundance distribution was higher in nonendemic regions than in the endemic region during the Þrst year, but this pattern did not repeat itself during the second year (Fig. 5) .
Previous studies indicate that the abundance of D. kuscheli is affected by the condition and distribution of vegetation (Grilli and Gorla 1997) . These studies also show that the abundance of planthoppers is related to the distribution and abundance of host plants. The higher the environmental diversity in terms of crop species per unit area, the lower the abundance of individual planthopper species (Grilli and Gorla 1999). These studies were performed at a regional level.
Our results coincide with the results obtained in previous studies, but this study was performed at a local level, which allowed us to be more accurate. There was space-time variability of the agroecosystem in the area of study. When analyzing the land useÐland cover using Landsat images, we found that there were different proportions of host crops that formed afÞnity groups that varied each year (Figs. 2Ð 4) . This indicates that farmers modify the landscape very rapidly and insects perceive that landscape as an unstable habitat. D. kuscheli is well adapted to unstable habitats (Ornaghi et al. 1993, Grilli and Gorla 2002) .
One major requisite of the planthoppers habitat is the presence of the host plant, particularly for host plant specialists (Biedermann 2002) . The host plant is essential to planthopper nutrition (Backus 1985) , it is a shelter for their eggs (Claridge et al. 1977) , and it is a transmission channel for bioacoustic signals (Michelsen et al. 1982) . We found that there was a direct relationship between the area occupied by different host crops and the abundance of the dispersive individuals of the D. kuscheli population (Table 1) . Habitat characteristics such as the presence of host plants had an effect on the geographical structuring of insect populations (McCauley 1983 , Wade and McCauley 1998 . Studies thatinvolve patchily distributed insect populations have emphasized the importance of host patch size and isolation in determining the distribution of insect populations (Hanski 1999) . The occurrence and density of planthoppers in a particular habitat patch may depend on area, isolation, quality, and surrounding landscape structure of the patch (Biedermann 2002) . In many cases, a positive relationship between planthopper population density and the area of host plant patches has been found, because the greater the host patch area, the higher the abundance of planthopper populations (Lawton 1978 , Raupp and Denno 1979 , Denno et al. 1981 . The area requirements vary greatly depending on the species (Biedermann 2002) . This variability can be attributed to parameters of population dynamics or life traits. Species that are able to build up high densities in their patches reach sufÞcient population sizes so as to reduce the risk of extinction because of environmental stochasticity (Lande 1993) . Additionally, a positive correlation between population density and host patch area is explained in different ways (Connor et al. 2000) , and the mechanisms that explain this correlation may differ among species. One of the mechanisms worth mentioning is the resource concentration hypothesis (Root 1973 , Risch 1981 , Kareiva 1983 , which is based on the enemies and the movement hypothesis. That is, either predation risk may be higher on small patches, keeping densities of prey populations low (Denno et al. 1981 , Rolstad and Wegge 1987 , Møller 1991 , Connor et al. 2000 or insects may be less likely to disperse from large patches, keeping densities high Denno 1979, Foster and Gaines 1991) . High probabilities of Þnding mates, winter survival, or annual recolonization because of demographic or environmental stochasticity may lead populations in larger patches to persist at higher mean densities than populations in small patches Denno 1979, Denno et al. 1981) . Another possible explanation for the positive correlation between host patch size and insect population abundance is related to habitat quality, which allows higher density populations to persist (Ambuel and Temple 1983, Bach 1988) .
Although there is a positive relationship between host area and D. kuscheli mean abundance, this relationship varied from 1 yr to the other in this study. While during 1999 there was only a signiÞcant partial correlation between mean abundance and the area of winter pastures, in 2000, the signiÞcant partial correlation included not only winter pastures but also winter cereals (Table 1) . For some reason, the winter cereal performance varied, and it was probably affected by the contribution of this host to the global dispersing population. It should be considered that, in this study, dispersive planthoppers were sampled. In 2000, the global mean abundance of D. kuscheli was lower than in 1999 (Fig. 5 ).
Initial differences in densities caused by reduced performance in small patches can be compensated by dispersive individuals from other places. As a result, small patches may be acting like sink habitats (Pulliam 1996) . Denno et al. (1981) suggested a positive association between areaÐ density relationship and low dispersion ability of species, measured by the number of macropterous individuals detected within the patch. This is true only in the case that the dispersive individuals are not the most abundant of the population and the ones that are sampled are not actively dispersive insects. In the case of D. kuscheli, 90% of the population consists of macropterous individuals (Ornaghi et al. 1993 , Garat et al. 1999 , and these were the individuals sampled in this work. In the case of planthoppers (host plant specialists), the survey of the distribution of the host plant was found to be a very feasible way to determine all potential habitats of a certain species in a landscape (Denno et al. 1981 , Biedermann 2000 .
Delphacodes kuscheli mean abundance is affected not only by the host area in a region but also by the phenology and succession of the different host species. Winter pastures play a major role in determining the abundance of the dispersive fraction of the population during spring in a particular place, whereas winter cereals act as a secure second host when winter cereals decline.
Between May and September (winter in the south hemisphere), D. kuscheli does not disperse, thus showing clear springÐsummerÐ early fall seasonality Gorla 1997, 1998) . This seasonality can explain the role of winter pastures, winter cereals, and perennial pastures in D. kuscheli dynamics. Winter pastures (mainly oats) are sown by the end of February and are kept by farmers until the beginning of October. When winter pastures begin to grow (end of March), D. kuscheli activity declines, and the insect Þnds winter refuge in this crop. The opposite occurs by the end of September (spring in the south hemisphere) when winter pastures decline, and D. kuscheli begins its activity to escape from this declining resource. By this time, winter cereals that were sown in June are in the peak of their vegetative growth, and D. kuscheli can colonize this growing resource (Grilli and Gorla 1997) ; this explains the minor role of this host. In a metapopulation sourceÐsink context (Pulliam 1996) , it can be considered that these host species play a sink role during a certain period and a source role some time later. The different host plant areas will have one of these functional roles and will be more or less important in D. kuscheliÕs life cycle.
Although the area of study is an agricultural region (Pampas) apparently with no differences as regards land use, there are local differences based on the area sown with host and non-host species. These differences are evident when a cluster analysis is applied. The clustering method chosen is agglomerative; this means that it is based on the fusion of single entities (in our case, sites with different proportion of each land cover) into larger groups (van Tongeren 1995). The different sampling sites have different proportions in terms of area of host and non-host crops that will Þnally conÞgure the afÞnity groups that generate the clusters of land use. In particular, during 2000, the area of winter pastures is lower than in 1999; this is expressed in a lower number of dispersive individuals during that year (Figs. 2, 3 , and 5).
These afÞnity groups with similar proportions of host and non-host areas will affect not only the number of dispersive individuals but also the relative proportion of different phenotypes. D. kuscheli has an evident phenotypic plasticity. This plasticity is present in many species (Mayr 1963) . In our case, individuals collected in different sites showed differences in their phenotypes, but what is more relevant is that individuals collected in sites with similar proportions of host and non-host areas tended to be more similar in terms of their body shape (Fig. 7) . Phenotypic variability sometimes expresses the local adaptations of a population to the environment of an area (Ricklefs and Miles 1994 , Haas and Tolley 1998 , Solano et al. 1999 and, in this case, it is probably an indication of environmental pressures caused by land use. Habitat characteristics such as host plants may have an effect on the geographical structuring of insect populations (McCauley 1983 , Wade and McCauley 1998 . Crowding and very poor nutrition can reduce the body size, fecundity, and survival of phytophagous insects like planthoppers and aphids (Murdie 1969 , McNeil and Southwood 1978 , Mattson 1980 .
In planthoppers, wing length is affected by environmental conditions Roderick 1990, Denno et al. 1991) . Different environmental cues such as crowding or host plant condition are known to inßuence wing form in planthoppers (Denno et al. 1985 , Iwanaga et al. 1987 . The sensitivity of this response is known to be under polygenic control (Kisimoto 1981 , Iwanaga et al. 1987 .
The way in which the farmers modify the landscape varies. The decisions they make on how to manage their farmland will be affected by different factors, not all of them related to the environment. Many different scenarios are possible depending on the proportion of favorable or unfavorable habitat patches. The presence and relative abundance of host plants have an effect on D. kuscheli phenotype. As the proportion of these plants changes in space and time, the relative abundance of the different phenotypes will also change. Studies on other planthopper species concluded that the morphometric differences did not represent major genetic differentiation but were primarily induced by environmental factors related to the host (Saxena and Rueda 1982, Claridge et al. 1984) . This explanation coincides with the effect that the area of host plants has on the relative abundance of D. kuscheli analyzed in this study.
